Abstract Given a time series of potential evapotranspiration and rainfall data, there are at least two approaches for estimating vertical percolation rates. One approach involves solving Richards' equation (RE) with a plant uptake model. An alternative approach involves applying a simple soil moisture accounting procedure (SMAP) based on a set of conceptual stores and conditional statements. It is often desirable to parameterize distributed vertical percolation models using regional soil texture maps. This can be achieved using pedotransfer functions when applying RE. However, robust soil texture based parameterizations for more simple SMAPs have not previously been available. This article presents a new SMAP designed to emulate the response of a one-dimensional homogenous RE model. Model parameters for 231 different soil textures are obtained by calibrating the SMAP model to 20 year time series from equivalent RE model simulations. The results are then validated by comparing to an additional 13 years of simulated RE model data. The resulting work provides a new simple two parameter (% sand and % silt) SMAP, which provides consistent vertical percolation data as compared to RE based models. Results from the 231 numerical simulations are also found to be qualitatively consistent with intuitive ideas concerning soil texture and soil moisture dynamics. Vertical percolation rates are found to be highest in sandy soils. Sandy soils are found to provide less water for evapotranspiration. Surface runoff is found to be more important in soils with high clay content.
Introduction
In many hydrological studies, it is common to estimate the vertical percolation rate expected beneath a soil zone. Following rainfall, some water is intercepted by the vegetation canopy and is subsequently evaporated back to the atmosphere. Rainfall that bypasses the canopy either infiltrates the soil or is transported away as surface runoff. Infiltrated water is then abstracted by plant roots or continues to drain beyond the reach of any vegetation. It is this latter quantity that is referred to hereafter as vertical percolation.
The following definitions are also assumed to apply throughout: net rainfall is defined as the amount of rainfall available for infiltration following deduction of losses associated with canopy interception. Potential evapotranspiration is defined as the amount of water that would be abstracted by plant roots in the presence of abundant soil water. Actual evapotranspiration is defined as the amount of water that is expected to be abstracted by plant roots taking into account the limited availability of soil water. The terms potential and actual evapotranspiration are assumed to exclude losses associated with evaporation from the soil surface and vegetation canopy.
Given a time series of potential evapotranspiration and net rainfall, there are at least two different approaches for estimating vertical percolation rates. One approach involves solving the Richards' equation (a mass conservation equation for two-phase flow in porous media where the air phase is assumed inviscid) with plant roots represented as a distributed, pressure-dependent sink term [Cox et al., 1999; Smith et al., 2006; Simunek et al., 2008; Best et al., 2011] . An alternative approach is to adopt a more simple soil moisture accounting procedure (SMAP) based on a sequence of conceptual stores and conditional statements [Ragab et al., 1997; Evans and Jakeman, 1998; Chapman and Malone, 2002; Bradford et al., 2002; Croke and Jakeman, 2004; Heathcote et al., 2004] .
(i.e., % sand, % silt, and % clay) [Schaap et al., 2001] . In this way, such a system reduces to a two parameter model (note that sand 1 silt 1 clay 5 100%). A second benefit is the enabling of parameterization via regional-scale soil texture maps [Miegel et al., 2013; Assefa and Woodbury, 2013; Marthews et al., 2014; Sorensen et al., 2014] .
A disadvantage of RE models is that they require discretization in both space and time, leading to excessive computational requirements for many practical scenarios. Computation times for RE models can be significantly reduced by using coarser discretizations in space. For this reason, the default number of finite difference grid points used for estimating vertical percolation is often just four [Cox et al., 1999; Smith et al., 2006; Best et al., 2011] . However, inadequate grid resolution has been shown to significantly affect simulated outputs [de Rosnay et al., 2000; Carrera-Hernandez et al., 2012] .
In contrast, SMAP models require discretization only in time and are therefore much faster to execute. Furthermore, the required time steps for RE can be very small (minutes or hours), whereas a SMAP can operate with daily or longer time steps. Consequently, in the UK, the Environment Agency tends to instead advocate the use of SMAPs for regional groundwater recharge estimation studies [Rushton, 2005; Quinn et al., 2012] . However, robust parameterization of SMAPs is much harder to achieve. Two approaches are generally pursued.
One approach involves coupling a SMAP model with some form of routing function so as to estimate a catchment outlet streamflow. The model parameters (both in the routing function and the SMAP) are then obtained by calibration to observed streamflow gauging data [Wagener et al., 1999] . In the case where streamflow gauging data are unavailable, regional relationships derived from alternative rainfall-runoff modelling studies can be used [McIntyre et al., 2005] . However, a significant issue is that there is often insufficient information content in the gauging data to adequately condition all the parameters of concern [Beven and Freer, 2001] . Furthermore, it is difficult to incorporate spatial variations in soil type data, within the catchment being simulated.
Another approach involves imposing a standardized procedure that links SMAP parameters with soil type data. In the UK, the Environment Agency advocate a method based on the FAO56 [Allen et al., 1998 ] method [Quinn et al., 2012] . Spatial variations in soil properties are accounted for using submodels within a given catchment. These are linked together using simple network models for surface runoff [Heathcote et al., 2004 ].
An important aspect of the FAO56 method involves assuming that storage capacity available for plant uptake can be found from the equation, ðh FC 2h WP ÞL r , where L r is the rooting depth and h FC and h WP are the moisture contents of the soil at field capacity and wilting-point, respectively [Allen et al., 1998 ]. The parameters, h FC and h WP , can be estimated directly from soil texture data using pedotransfer functions such as the ROSETTA model in conjunction with empirical equations such as provided by Twarakavi et al. [2009] . However, there is no evidence or theoretical basis to assume that water existing below the vertical extent of the root zone, at one point in time, is forever inaccessible to plants.
In this article, we seek to develop a SMAP with a more physically realistic soil texture-based parameterization obtained by calibration to numerical simulation results from an RE model similar to that used within the widely established MOSES [Smith et al., 2006] and JULES [Best et al., 2011] land atmosphere interaction models.
The outline of the article is as follows. The governing equations for a numerical Richards' equation (RE) model and an appropriate SMAP are presented. A methodology is described to obtain SMAP parameters for different soil textures by calibration to model output from the RE model. Numerical results are then presented and conclusions discussed.
Model Development

The Richards' Equation (RE) Model
The Richards' equation model applied in this study can be described as follows. A one dimensional mass conservation equation for two-phase flow in porous media where the air phase is assumed inviscid takes the form:
where 
where K [L T 21 ] is the hydraulic conductivity and w (L) is the pressure head.
The following relationships of van Genuchten [1980] can be used to relate h and K to w: 
where
and [Feddes et al., 1976] f 2 ðwÞ5
where L r [L] is the depth of the root zone, a [2] is a parameter that defines how fast the root distribution declines with depth (note that as a ! 0, the root distribution approaches a linear function with depth) and
, and w w [L] are critical pressure heads associated with anaerobiosis, soil water-limited evapotranspiration, and plant wilting, respectively. Following Feddes et al. [1976] , these latter three parameters are set to 20.05, 24, and 2150 m, respectively. Values of L r and a are assumed to be 1 and 2 m, respectively for the remainder of the study.
Note that
such that actual evapotranspiration (excluding losses associated with evaporation from the soil surface and Also note that the potential evapotranspiration rate is dependent on plant physiology and a range of meteorological variables including wind speed, humidity, temperature, and radiation. In contrast, the ratio of actual to potential evapotranspiration is assumed to be dependent only on the physiology of the plant and the soil water content.
The initial and boundary conditions are defined as follows:
where L is the depth of soil at which a gravity drainage boundary is imposed, 
Note that this expression is evaluated with w at z 5 0 fixed such that S e 5 0.999 (also note that setting w 5 0 can lead to numerical convergence problems).
The storage water level within the system, H [L], can be obtained from the integral
The integrals in equations (10) and (14) are evaluated numerically using trapezoidal integration. 
Following Tocci et al. [1997] , the above set of equations are discretized vertically in space using finite differences, and the resulting set of ordinary differential equations (ODE), with respect to time, solved using method of lines, with w selected as the primary dependent variable. Note that by applying a combination of the product rule and the chain rule, the temporal derivative of h in equation (1) adaptive time stepping scheme to provide a solution at each node for each day of the time series studied. Consequently, a time step for the numerical scheme does not need to be specified a priori.
The finite difference method is applied in a block-centered formulation such that w is solved at a set of internal spatial nodes. Node spacing expands logarithmically from 0.0022 m at the surface to 0.1818 m at 1 m depth. Nodes are then equally spaced between 1 and 3 m depth at a spacing of 0.1818 m. A total of 36 nodes are solved for. The fine grid spacing at the surface is needed to accommodate the sharply changing boundary flux due to the daily rainfall data. The uniform spacing in the lower region of the model is needed to adequately resolve the location of the zero-flux-plane, described further in subsection 3.4.
A schematic diagram illustrating the key features of the model setup described above is provided in Figure 1 . The model is designed to emulate the default settings generally applied when using the regional-scale modeling packages, JULES, and MOSES. However, the current scheme improves on JULES and MOSES in at least three respects. First, the current scheme uses an adaptive time-stepping scheme as opposed to a constant time step. Second, the spatial scheme involves solving for 36 spatial points as opposed to just four, enabling the model to better capture the dynamics of the zero-fluxplane. Third, the plant uptake model assumes that the local ratio of actual to potential evapotranspiration is a linear function of pressure head as opposed to a linear function of moisture content. In this way, the model is better able to represent how soil texture affects the ability of plant roots to extract their required water.
The Simplified Soil Moisture Accounting Procedure (SMAP)
The governing equations concerning the simplified soil moisture accounting procedure (SMAP), designed to emulate the Richards' equation (RE) model described above, can be written as follows. First consider the integrated mass conservation statement:
where H, q ro , and E a are as previously defined and q d [L T 21 ] is the drainage rate at some intermediate depth within the soil column (i.e., some z < L).
In this simplified model, the rate of surface runoff, q ro , is found from
where q ic [L T 21 ] is an assumed constant infiltration capacity of the soil.
, is assumed to be found from where K is found from equation (4) The actual evapotranspiration, E a , is found from
where E p is as defined earlier, f 2 is found from the Feddes et al. [1976] plant stress function (equation (8)) andŵ [L] is an upscaled pressure head. Considering equation (5),ŵ can be found from
To take into account the additional attenuation that occurs as water travels from the zero-flux-plane to the base of the soil column, the vertical percolation flux, q vp , is calculated from the linear reservoir equation
where T r [T] is an empirical residence time.
The above set of equations can be implemented using an Euler explicit time-stepping scheme. In this study, a uniform time step of 1 day is used throughout, to suit the daily nature of the rainfall data applied.
Relating the SMAP Parameters to Soil Texture
In addition to parameters associated with the van Genuchten [1980] model and the Feddes et al. [1976] plant stress function, the proposed simplified soil moisture accounting procedure (SMAP) above has four empirical parameters: the infiltration capacity, q ic ; the storage capacity available for plant uptake, H pu ; the residence time of the linear reservoir, T r ; and the depth of water at which plant wilting occurs, H w . These four parameters are obtained by calibrating the SMAP model to data generated by the Richards' equation (RE) model described above.
Note that we are not advocating the RE model presented in this article as a panacea for percolation modeling. Notwithstanding the limitations of the Richards' equation itself, the conceptual model described in subsection 2.1 is limited to a one-dimensional homogenous single porosity soil column. In this way, the model is unable to take into account multiscale heterogeneity, the effects of lateral flow within the unsaturated zone and the importance of preferential flow in dual-porosity environments (consider the discussion provided by Marthews et al. [2014] ).
However, the RE model described in subsection 2.1 is very similar to the default mode typically used in regional-scale land-atmosphere interaction models (JULES, MOSES etc.). Furthermore, in conjunction with the ROSETTA model, the RE model provides a direct link between soil texture data and vertical percolation estimation. The purpose of this article is to provide a methodology for applying an alternative, more simple SMAP for estimating vertical percolation of a similar nature.
To this end, the RE model is run for 231 different soil textures for the period of 1961-1998 using daily rainfall data and monthly potential evapotranspiration data from the Theale gauging station in the Kennet valley, Berkshire, UK. The local region has a maritime climate with an average annual rainfall of 670 mm [Bradford et al., 2002] .
The meteorological data were extracted from the UK regionalization database previously developed and presented by Young [2000 Young [ , 2006 . The rainfall data were derived using the UK Meteorological Office daily rainfall library and a modified version of the Triangular Planes interpolation methodology of Jones [1983] and Young [2000] . estimated using data from the Meteorological Office Rainfall and Evaporation Calculation System (MORECS) Hough [1995] .
The 231 soil textures are chosen such as to provide a set of nodes across the soil texture triangle with equal spacings of 5% sand, 5% silt, and 5% clay. A set of van Genuchten [1980] parameters ðh r ; h s ; a; n; K s ; gÞ are obtained for each soil texture using the ROSETTA pedotransfer function [Schaap et al., 2001] .
The resulting RE model data are split into three periods. The period of 1961-1964 is used for a warm-up period to eliminate problems associated with initial conditions. The period of 1964-1984 is used for calibration. The period of 1984-1998 is set aside for a validation period to assess the extent to which the SMAP model predictions match those of the RE model.
Because, the amount of runoff (q ro ) generated by the SMAP model is dependent only on the net rainfall (q r ), the infiltration capacity parameter, q ic , can be obtained independently of the other three parameters. Consequently, a value of q ic , for each soil texture, is obtained by matching the total q ro generated during the calibration period by equation (19) with that generated by the equivalent RE model. The matching is achieved using MATLAB's optimization function, FMINSEARCH.
Although H w affects the magnitude of the storage level (H), from the perspective of vertical percolation (q vp ), the value of H w is an arbitrary reference point. Therefore, when calibrating the SMAP model to q vp data, it is possible to treat H pu and T r independently of H w . This is achieved by first setting H w to zero. With q ic and H w set a priori, values of H pu and T r are obtained for each soil texture by maximizing the Nash and Sutcliffe [1970] efficiency (NSE) criterion (again using FMIN-SEARCH) whereby 25) and N is the number of data points, o i are the observed data, m i are the modeled data, and o i is the mean of the observed data. In this case, the data are values of q vp , the RE model output is treated as the observed data and the SMAP model output is treated as the modeled data. Negative NSE implies that the model is worse than the mean at representing the observed data. The closer NSE is to 1 the better the model.
Once optimal values of q ic , H pu , and T r have been obtained, a value of H w is chosen such that the H data from the RE model and the SMAP model have the same mean values over the calibration period.
The advantages of taking such a sequential approach to calibration are as follows: all SMAP models produce the same quantity of runoff during the calibration period as their RE model counterparts. All SMAP models have the same mean storage level during the calibration period as their RE model counterparts. The calibration of the SMAP model to the q vp data only involves two free parameters enabling the use of sophisticated local optimization routines such as FMINSEARCH.
Results and Discussion
A Study of Three Different Soil Textures
Figures 2-4 show simulated output for three very different soil-types, a sandy soil, a clay soil, and a silty soil, respectively. Only the years 1988-1995 (from the validation period) are shown for clarity. Note that the black lines are from the Richards' equation (RE) model and the red lines are from the simplified soil moisture accounting procedure (SMAP).
Surface runoff (q ro ) is only observed in the clay soil (Figure 3a) . The other two soils are seen to accommodate all the incoming rainfall (compare Figures 2a and 4a) . Even for the clay soil, there are very few runoff events. This is largely due to the use of daily sampling of the rainfall data, which smooths the much higher intensity subdaily events that may have occurred. The calibrated SMAP model can be seen to accurately approximate the timing for all of the larger runoff events (where q ro > 1 mm/d) although the magnitudes are not quite right. However, the implications of this discrepancy on the approximation of vertical percolation (q vp ) are not that significant because runoff is found to represent <1% of total net rainfall (q r ) for all soil textures, in this context (Figure 5b ).
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The sandy soil is frequently unable to supply actual evapotranspiration (E a ) at the potential rate (E p ) ( Figure  2b ). The reason for this is that the permeability of sand is very high and therefore rainfall quickly drains through the system and is then unavailable for evapotranspiration. The clay soil is able to provide more of the E p although each summer there are several episodes where E a becomes limited (Figure 3b ). The situation is more favorable (from an E a perspective) for the silty soil where it can be seen to provide E p for most of the time except during the summers of 1989 and 1990 and a few small episodes in the summers of 1991 , 1992 , and 1994 . Similar results are also observed for the calibrated SMAP model although the SMAP model has a tendency to overestimate E a (as compared to the RE model).
The storage level (H) in the sandy soil ranges from 150 to 300 mm, and for both the clay and the silty soils, from 1000 to 1400 mm (compare Figures 2c, 3c , and 4c). This difference in ranges is largely due to differences in h r and h s . It is also evident that the sand storage shows faster recessions following individual rainfall events, probably due to its higher permeability. The calibrated SMAP model exhibits very similar characteristics in this respect. However, for the sandy soil (Figure 2c ), the SMAP model overestimates H for the lower values of H (as compared to the RE model). The reason for this is that the calibration is based on the q vp data and, for the sandy soil, the rate of q vp is largely insensitive to H at low q vp rates. The sandy soil exhibits a fast reacting response to rainfall events with very short recession periods leading to many episodes of zero vertical percolation (q vp ) (Figure 2d ). The q vp response for the clay soil is much more seasonal (Figure 3d) . The q vp rates in the silty soil are generally much lower and smoother with moderate drainage rates observable throughout the summer periods (Figure 4d ). The higher peak flows seen in the clay soil (as compared to the silt soil) are due to the 30% sand contribution and also the fact that E a is less (as compared to the silty soil) (compare Figures 3d and 4d) . Generally, the SMAP model is seen to provide a good approximation for q vp although there is a tendency to underestimate the peak values (as compared to the RE model). In most cases, this is due to the SMAP model overestimating E a (as compared to the RE model), and consequently there is not enough water available to generate the slightly higher q vp events.
The Global Response of the Richards' Equation (RE) Model
Notwithstanding the main focus of the paper, which is to develop a SMAP to emulate the RE model in terms of vertical percolation forecasting, given the undertaking of the 231 numerical simulations, it is interesting to study the global response of the RE model to soil texture. Figure 5 summarizes the response of the RE model over the entire textural triangle. These results are based on summations and ranges of the state variables over the period of 1964-1998. The first 3 years are neglected to avoid warm-up issues associated with the hydrostatic initial condition. It can be seen that over most of the textural triangle, the simulated total actual evapotranspiration (E a ) is between 90% and 94% of the total potential evapotranspiration (E p ) (Figure 5a ). However, as the soil becomes progressively sandy, total E a is less than 80% of the total E p . The reason is that the permeability of the sand is much higher than the other soils. Consequently, water is passing through the soil columns much faster and has less time available to be accessed by the plant roots.
Runoff (q ro ) is seen to only occur in soils with low silt content and less than 50% sand content (Figure 5b ). However, total q ro represents less than 1% of total net rainfall (q r ) in all cases. This low figure could be due to the use of daily rainfall data, as discussed above. The highest runoff occurs in soils with 0% silt and around 70% clay (with around 30% sand).
It can be seen that total vertical percolation (q vp ), represents between 27% and 30% of total q r for most soil textures (Figure 5c ). However, as soil becomes progressively sandy, total q vp increases to over 40% of the total q r . This is largely due to the reduced E a associated with these soils, as discussed above.
The range of variation in storage depth of water (H), is between 400 and 500 mm for most soils (Figure 5d ). But this reduces to below 100 mm for very sandy soils. This is likely to be due to a reduction in the 
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difference between h s and h r , and also the fact that sandy soils never approach complete saturation due to the larger drainage rates associated with their higher permeabilities.
The Global Response of the SMAP
The resulting calibrated SMAP parameter distributions across the textural triangles are shown in Figure 6 . Figure 6a shows the variation of the infiltration capacity (q ic ). The triangle is empty beyond 60 mm/d because this was the maximum rainfall rate experienced during the calibration period. The lower the q ic , the more runoff will occur for a given soil. Soils with high clay content and low silt content are most prone to runoff occurring, as previously observed in Figure 5b .
The silty soils have the largest amounts of storage capacity available for plant uptake (H pu ), over 700 mm in depth (Figure 6b ). The smallest amounts of H pu , between 450 and 500 mm, are observed for sandy clay soils with low silt content. Interestingly, pure sand is seen to also have a quantity of H pu of over 700 mm, whereas the observed H range is less than 100 mm (recall Figure 5d ). This implies that the sandy soil columns are always far away from saturation due to their ability to quickly drain any residing water.
The higher the residence time (T r ), the more attenuated the vertical percolation (q vp ) is expected to be. Not surprisingly, the largest T r values are found in the silt corner (Figure 6c ). T r is in excess of 70 days for pure silt. In contrast for pure sand, T r is less than 10 days. The associated attenuation is inversely proportional to the hydraulic diffusivity of the soil. Hydraulic diffusivity is proportional to permeability and inversely proportional to storage capacity. Sand has a high permeability and a low storage capacity, therefore, a high hydraulic diffusivity and a small residence time. Silt has a moderate permeability but also has a very large storage capacity and therefore a large residence time.
The depth of water storage below which the associated plant wilts (H w ) is a measure of the residual water that never drains from the column or is abstracted by plants. The largest values are found in the clay soils (>700 mm) and the lowest in the sandy soils (<200 mm) (Figure 6d ). The variation is heavily controlled by the residual moisture content of the soils, h r .
Variations in goodness of fit are illustrated, as contour plots of NSE across the textural triangle, in Figure 7 . For reference and comparison, the NSE values for the soils presented in Figures 2-4 are given in Table 1 along with optimal values for the four SMAP parameters: H pu , H w , T r , and q ic and the associated ROSETTA model parameters. Figure 8 shows a cross plot of the SMAP model parameters with themselves and also the van Genuchten [1980] parameters. It is clear that the four SMAP model parameters have very little correlation with themselves. This can largely be attributed to the sequential approach to parameter calibration discussed in subsection 2.3.
The H pu parameter generally increases with increasing h s -h r . This is not surprising because the difference, h s -h r , represents the drainable porosity of the soil column. The highest K s parameters correspond with the lowest T r parameter values. However correlation between T r and K s is lost once K s < 10 25 m/s. The residence time is likely to be inversely proportional to the hydraulic diffusivity of the system, which in turn will be linearly proportional to K s . The H w parameter increases with increasing h r and decreases with increasing K s . The reason is that H w is always going to be larger than the Lh r product; how much larger is dependent on how permeable the drainable porosity is. There are no apparent correlations for q ic although it is clear that this parameter is only defined where K s < 2 3 10 26 m/s. For higher permeability soils, surface runoff is less likely to occur.
The Zero-Flux-Plane (ZFP)
The depth at which the hydraulic gradient is zero (and hence the flow rate is zero) represents a zero-fluxplane (ZFP) [Wellings and Bell, 1980] . During winter periods when potential evapotranspiration (E p ) is low, flow is downward throughout the profiles. As the summer develops, plant roots suck water up. Therefore, in the upper region, water is moving upward, whereas in the lower region, water is moving downward. The interface between these two regions is a ZFP. But during the summer, further rainfall can lead to an additional ZFP due to downward infiltration fluxes from the surface. Eventually, as summer closes, the upward flow region disappears, and flow is downward throughout the profile for the following winter. The cycle then repeats itself during the following year.
Although the SMAP model is unable to provide information about the ZFP, it is interesting to study the ZFP results from the RE model. Figures 2e, 3e , and 4e show the depth to the zero-flux-plane (ZFP) and how this varies with time. The darker-shaded and lighter-shaded regions are areas of upward and downward flow, respectively. Both the clay and silty soils exhibit a similar ZFP pattern as described above. However, the sandy soil exhibits a much less seasonal pattern, with the summer time ZFP frequently broken up by large infiltration events, which reach the base of the column. All three soils produce a continuous net downward flux at the base of the columns throughout the year. Also of interest is that the ZFP is often approaching below 2.5 m from the soil surface. Although the plant roots are limited to the top 1 m, it is clear that they are able to access soil water from much deeper depths.
As mentioned previously, within the FAO56 method [Allen et al., 1998 ], the total available water (TAW) parameter (which is similar to H pu in this article) is assumed to be calculated from
is the rooting depth and h FC [2] and h WP [2] are the moisture contents of the soil at field capacity and wilting-point, respectively. But the above results suggest that plant roots are able to access much more water. Our new SMAP model is able to better accommodate this point due to the fact that H pu is obtained, for a given soil texture, by direct calibration to the model output from the RE model.
Some Notes on Bypass Flow
In a recent study, Sorensen et al. [2014] applied three different SMAP models and an RE model to four different field sites in the UK. All four models were parameterized a priori using soil type maps of the areas. The models were then assessed in terms of their ability to predict several years of soil water observations from the sites in question. All four models predicted relatively similar soil water responses to the observed data. However, the estimates of vertical percolation were widely varying.
The RE model used by Sorensen et al. [2014] was from the JULES package [Best et al., 2011] . The three SMAP models applied included FAO56 [Allen et al., 1998 ], the Penman-Grindley (PG) model [Grindley, 1967] , and SPADE [Finch, 2001] . FAO56 assumes that when the storage level (H) drops below a given constant, H c , (somewhere between H w and H w 1H pu ) the ratio of actual to potential evapotranspiration (E a /E p ) linearly decreases from one to zero as H approaches the wilting-point (H w ). The PG model is identical to FAO56 except that the E a /E p ratio is assumed to reduce to a constant fraction (less than one) when H w < H < H c . The SPADE model is similar to the PG model except that there are four layers considered such that there are three stepped declines in the ratio E a /E p , as described by Ragab et al. [1997] .
Of particular note is that for all three SMAPs, vertical percolation only occurs when H exceeds the storage capacity of the system ðH w 1H pu Þ. In this way, the system is thought to be at field capacity when H5H w 1H pu [Ragab et al., 1997] . Consequently, Sorensen et al. [2014] found that the three SMAP models predicted many periods when q vp 5 0, whereas JULES predicted a persistent nonzero q vp throughout the simulation periods. Unfortunately, it is not possible to directly observe q vp in situ without the presence of a lysimeter. Therefore, it is not possible to determine which models were more realistic.
However, the problem of SMAP models predicting zero q vp unless H > H w 1H pu often leads to the unrealistic prediction of summer streamflow recessions that are unreactive to summer-time rainfall events [Ireson et al., 2009] . A common solution is to incorporate a bypass term whereby a fraction of the rainfall is assumed not to enter the SMAP and is diverted directly to the routing function or groundwater flow model [Rushton, 2005] . Bypass is often treated as a constant fraction of the precipitation and/or assumed to only occur when the precipitation rate exceeds a predetermined threshold [Rushton, 2005; Wagener et al., 2003; Ireson et al., 2009] . Physically, the bypass contribution is thought to represent flow through macropores in the unsaturated zone and/or infiltration excess overland flow [Wagener et al., 2003] . In fractured rock systems, the need for bypass flow in SMAP models is widely attributed to flow in fractures within the unsaturated zone [Rushton, 2005] .
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V C 2014. American Geophysical Union. All Rights Reserved. [2002] studied the performance of 13 different SMAP models to simulate observed drainage from a 2.4 m deep weighing lysimeter experiment. The lysimeter was filled with a well-drained silt loam overlain by a permanent grass crop. Following calibration to observed soil moisture data, only two of the 13 models were able to provide adequate forecasts of the drainage data. Of note was that both of these models treated bypass flow as a nonlinear function of the storage level (H), similar to the SMAP model proposed in subsection 2.2. Similar findings were also observed by Black et al. [1969] and Aston and Dunin [1977] .
Chapman and Malone
Notwithstanding the importance of macropores and fractures, it is interesting to note that in the context of field capacity-based SMAPs, a bypass flow component is required to model a lysimeter of relatively homogenous soil. Relating back to the numerical work presented in subsection 3.1, none of the three examples presented in Figures 2-4 exhibit an obvious field capacity whereby the storage level (H w ) reaches some regular maximum level during the winter seasons. In the context of field capacity-based SMAPs, the bulk of the q vp generated by the homogenous single porosity RE models would be attributed to some form of bypass flow. This is not necessary in our new SMAP because, similar to Chapman and Malone [2002] , q vp is treated as a continuous nonlinear function of H w and the concept of field capacity is not necessarily invoked.
Summary and Conclusions
The objective of this study was to develop a simple soil moisture accounting procedure (SMAP) designed to emulate a one-dimensional homogenous Richards' equation (RE) model with a pressure-dependent plant stress function to limit actual evapotranspiration. The advantage of the SMAP is that its model parameters can be calculated using pedotransfer functions such as the ROSETTA model [Schaap et al., 2001] while being much more computationally efficient than RE models. A computationally efficient SMAP will be of practical benefit for regional-scale land-atmosphere interaction models, groundwater recharge estimation, and other hydrologic modelling applications where vadose zone water fluxes are important and model complexity and/or long model execution times are a concern.
The SMAP model involves defining an upscaled effective saturation. This is used to calculate an effective pressure head and hydraulic conductivity using the relationships of van Genuchten [1980] . The pressure head is used in conjunction with the Feddes et al. [1976] plant stress function to calculate actual evapotranspiration. The hydraulic conductivity is used to define how much vertical percolation drains from the SMAP.
Although the SMAP model requires the estimation of at least seven parameters (q ic , H pu , T r , a, n, K s , and g) (note that H w is not required to calculate vertical percolation), using the work presented in this study, it is possible to estimate all of these from just two soil texture parameters (% sand and % silt).
Four of the seven parameters (a, n, K s , and g) are associated with the van Genuchten [1980] functions for effective saturation and hydraulic conductivity of unsaturated soils. These can be obtained for a given soil texture directly from the ROSETTA model [Schaap et al., 2001] . Relationships between the other four parameters (the infiltration capacity, q ic , the storage capacity available for plant uptake, H pu , the residence time of the linear reservoir, T r , and the water level at which plant wilting occurs, H w ) and soil texture are obtained by calibrating the SMAP model to vertical percolation and runoff data obtained from a sequence of Richards' equation (RE) models.
The RE model used for the calibration exercise comprise of a 3 m one-dimensional homogenous single porosity soil column with an exponentially distributed plant root distribution spanning the top 1 m. The model is run for 231 different soil textures using 36 years of daily rainfall data and monthly potential evapotranspiration data from a southern English catchment. Following calibration, the new SMAP is found to predict storage levels and vertical percolation rates from the RE model with Nash and Sutcliffe [1970] efficiencies greater than 0.7 and 0.65, respectively, for all soil textures.
Results from the 231 numerical simulations are also found to be qualitatively consistent with intuitive ideas concerning soil texture and soil moisture dynamics. Vertical percolation rates are found to be highest in sandy soils. Sandy soils are found to provide less water for evapotranspiration. Surface runoff is found to be more important in soils with high clay content.
The calibration has been carried out using meteorological data for a UK maritime climate. The advantage of such a data set is that it contains months of high rainfall and low evapotranspiration, months of low rainfall
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and high evapotranspiration, months of high rainfall and high evapotranspiration, and months of low rainfall and low evapotranspiration. Therefore, the calibration should hold well for other temperate or tropical climates. However, the meteorological data set does not include years containing zero or near-zero rainfall. It would be interesting to repeat the calibration for a much drier climate.
In the current study, the main focus is on how to parameterize the SMAP model for different soil textures. During the study, the distribution of plant root density and the depth of the soil layer were held constant. Another interesting study could look at how calibrated SMAP parameters vary with soil depth and plant roots depth.
